Abstract: Although the structure of an enzyme is often depicted as static, it is dynamic. Hence, a population of chemically identical enzymes has not one, but a distribution of structures at any moment in time. Does this have an effect on the activity of the enzyme? This article reviews experiments designed to test the hypothesis that this distribution of structures results in a distribution of enzyme activities. The experiments reviewed here use different enzymes, falvin adenine dinucleotide, P-galactosidase, alkaline phosphatase, exonuclease I, lactate dehydrogenase I, a-chymotrypsin. the 20s proteasome, and horseradish peroxidase. All experiments come to the same conclusion, when measured individually, apparently identical enzymes show a distribution in rates of activity.
INTRODUCTION
A central paradigm of biology is that structure dictates function. For instance, a first step to deciphering a protein's function is often to determine its three dimensional structure, Different techniques (e.g. X-ray crystallography or NMR spectroscopy) exist to measure the average shape of many copies of a protein. Its structure is usually depicted as a static three-dimensional object. However, a true picture would reveal a dynamic. fluctuating structure. Hence, the question arises: if the structure fluctuates, does the function also change, and if so by how much? The goal of single molecule studies is to quantify this change in function.
Several excellent reviews exist on the field of single molecule studies of proteins [I-91. The essential result is that the activity of many different individual proteins measured by many different techniques fluctuates over time, presumably due to fluctuations in structure. These studies usually observe the activity of a single, or just a handful of different proteins with millisecond time resolution. A persistent critique of the field is that conclusions are drawn from observing just a few molecules. In response, a new wave of single molecule experiments has emerged. This review focuses on the new wave of experiments, those that observe hundreds of individual molecules. These usually sacrifice time-resolution in order to collect data from many molecules. These experiments use a variety of techniques, but all arrive at the same conclusion. Significant differences in the activity of individual proteins exist and are observable.
HOLE-BURNING SPECTROSCOPY
An early experimental indication of protein structural heterogeneity can be found in the hole burning spectroscopy experiments performed in the 1970s and 80s [lo] . These experiments were performed by first taking an absorption *Address correspondence to this author at the Department of Biomedical Engineering, IJniversity of California. lrvine 92697-2715, USA; E-mail: jphrody@uci.edu spectrum of a cryogenically cooled sample of protein, then illuminating the sample with a high-power laser that photolyzes some of the protein, and finally collecting a postillumination absorption spectrum, see Fig. 1 .
This experiment determines whether a collection of proteins are homogeneous or heterogeneous. If each individual protein molecule had exactly the same absorption spectrum, the post-illumination spectrum would have the same shape as the first, being attenuated at every level. On the other hand, if each individual protein molecule has slightly different absorption spectrum (the observed spectrum being the sum of these slightly different individual spectra), the postilluminated spectrum should be identical to the first, except at the wavelength of the high powered laser, where it should be substantially attenuated. This second result is what is observed, leading to the conclusion that the collection of proteins is heterogeneous. The high-powered laser specifically photolyzed a subset of proteins.
These hole burning experiments are performed at cryogenic temperatures, where the protein's conformation changes slowly. The effect is not observable at typical biological temperatures. This leads to the question, does this heterogeneity of protein structure have any biological relevance, or does an observable difference in activity exist also? These are questions addressed in the following experiments. These questions have been addressed in a number of different experiments with different enzymes. Each experiment has concluded that significant differences exist in activity among identical proteins.
FALVJN ADENINE DINUCLEOTIDE
One of the first single molecule experiments was performed by Xie et a/. on flavoenzyme [8, 9, 1 I]. Flavoenzyme undergoes a reversible redox reaction. The falvin adenine dinucleotide (FAD) at the active site of the flavoenzyme is fluorescent in the oxidized state, but not in the reduced state. (Fig. 2 A ) Xie et a/. trapped the flavoenzyme of interest within a thin film of agarose, which was deposited through spin-coating, sandwiched between two microscope cover slips. The agarose limits the diffusion, but not the rotation, of the flavoenzyme. This allows the flavoenzyme to exhibit its full spectrum of kinetic activities. (Fig. 2B) The redox reagents needed for the FAD center to undergo redox reaction can freely diffuse inside the agarose. By measuring the fluorescence with a scanning laser, Xie el al. can record the activity of a single flavoenzyme [8, 9, 1 I].
Xie et al. monitored the turnover rate of individual flavoenzyme with a temporal resolution of 10Hz. The recordings showed distinct fluorescent ("on") and non-fluorescent ("off') states, which correspond to the turnover cycle of the flavoenzyme and these "on" and "off' states can have different durations. Their experimental set up allowed them to modify different variables: They could change the substrate and the limiting step of the turnover reaction. This control over the reaction provided details of the dynamic behavior of the flavoenzyme.
These experiments led to several interesting results. Xie et al. found that within each individual flavoenzyme the turnover rate is not a constant rate, but instead has a distribution of rates. They showed that even when observing single molecules, some assumptions from the classical Michaelis-Menten kinetics still hold. One such assumption is that the turnover rate will increase in proportion with the amount of substrate present. In addition, they also showed a distribution of reaction rates between each individual flavoenzyme molecules [8,9, 1 I].
Absorption
Wavelength Wavelength Fig. (1) . A schematic diagram of data collected during a hole-burning experiment. A pre-illumination absorption spectra is collected, on the left. The sample is exposed to a high intensity laser, and then a post-illumination absorption spectra is taken. The post-illumination spectra typically show a dip, or hole, due to exposure to the laser. The presence of this hole, rather than a uniform decrease in absorption indicates a heterogeneous population of individual proteins. The redox reaction of the flavoenzyme. The falvin adenine dinucleotide (FAD) core is fluorescent at the oxidized state, and non-fluorescent at the reduced state (FADH2). The switching between the fluorescent and nonfluorescent state of the FAD core produces an "on" and "off' state as observed by the detector. (B) The flavoenzyme is mixed with agarose gel that contains 99% water. The mixture is spin coated to achieve micron thinness and sandwiched between two glass coverslips. The agarose limits the diffusion of the flavoenzyme, but not the diffusion of the substrate. The "on" and "off' cycle of the FAD core can be observed with a scanning laser.
From their result, Xie et al. conclude that the enzyme is stochastic in nature. However, the duration of "on" and "off' cycle is not exactly random, but has a memory of the enzyme's previous reaction state. This is referred as a "memory" effect, where a short duration of "on" state is likely to be followed immediately by another short duration of "on" state, and a long duration of "on" state is likely to be followed immediately by another long duration of "on" state. However, two "on" state durations separated by 10 turnover events showed less correlation between the two observed "on" state durations as the two turnover events become independent of each other. This suggests that the flavoenzyme only has a short term "memory" effect where the "memory" only happens between two adjacent turnover events. During a long period of observation the distribution of the kinetic rate is still fairly random so that the flavoenzyme does not posses long term "memory" effect. The stochastic behavior observed during a long period of time may be attributed to the minute dynamic structural changes of the FAD active core of the flavoenzyme that affect the kinetic rate [8, 9, 1 I].
p-GALACTOSIDASE AND ALKALINE PHOSPHA-T ASE
Single molecule experiments require some method to limit the observation volume. Craig et al. utilized the limited space of a glass capillary as a means of isolating individual molecules for single molecule experiments [ I 1-13] . Their method is an endpoint assay that does not directly observe the enzymatic action, but instead the product of the reaction after a period of time. Craig et a/. set up the experiment as a capillary electrophoresis platform. They use this platform to measure the activity of individual molecules of P-galactosidase and alkaline phosphatase. In their protocol, the enzyme is mixed with its substrate and electrophoretically loaded into the capillary. Their enzyme concentration is such that when loaded into a capillary tube that is 60 cm in length and 10 vm inner diameter (Fig. 3) , the capillary tube is about 47 nL in volume, and holds about 10 enzyme molecules. The 60 cm length of the capillary tube is the key to the spatial separation of the enzyme molecules in this method [12-141. The enzyme molecules inside the capillary are diffusion limited, so the enzyme molecules are relatively stationary. The localized enzyme turns over the surrounding substrate, creating a region inside the capillary filled with product. After the incubation time, the contents inside the capillary tube can be moved electrophoretically through a detection window to be measured [12-141.
The product is measured using the typical capillary electrophoresis data acquisition system. A laser is focused onto a spot on the capillary; an applied voltage drives the solution through the laser spot. A photodetector measures the fluorescence generated by the product as a function of time. The area under each peak corresponds to the amount of product generated by individual enzyme molecules. Building up a histogram of the product generated by each enzyme, Craig et al. showed that each enzyme molecule has a characteristic rate of turnover, and that a surprisingly wide distribution exists for the reaction rates. The difference between the slowest and fastest reaction rate was 12-fold after the incubation period of two hours [I 2-141. 1 lncu bation Electrophoresis LIF detection Fig. (3) . Schematic for capillary electrophoresis based single moleculc assay. The capillary tube is filled with a low concentration of enzyme and its substrate. The individual molecules are separated spatially within the capillary tube. The enzyme molecule starts to turnover the surrounding substrate during incubation. After incubation, the enzyme molecules and the turned over substrate are electrophoretically moved toward the detection window. The turned over substrate is detected through laser induced fluorescence.
Craig et al. also determined the activation energy of a single alkaline phosphatase molecule. To do this, they incubated the capillary at several different temperatures. After incubation at each temperature, the enzyme was moved away from the fluorescent product and a new incubation at a new temperature was started. The difference in activity at different temperatures enables one to estimate the activation energy of a single alkaline phosphatase molecule. The value obtained from measurements on single molecules is consistent with the value obtained from an ensemble average [12] .
EXONUCLEASE I
Goodwin et al. measured the hydrolysis rate of individual molecules of Exonuclease I using a modified flow cytometer. They attached multiple copies of a DNA molecule that carried two specific fluorescent nucleotides to a polystyrene microsphere. Multiple copies of Exonuclease I were allowed to bind, but not hydrolyze, to the DNA. The microsphere was trapped in the presence of a hydrodynamic flow using a focused laser (by optical tweezers). Magnesium ions, which are necessary for Exonuclease I to hydrolyze the DNA, were added to the solution to simultaneously start the reaction. The exonuclease hydrolyzes DNA sequentially. The whole system was under constant flow, so the cleaved base from the DNA substrate is carried downstream past a detector window. (Fig. 4) The detector records the time at which the fluorescently labeled base passes [I 51. Exonuclease I disassociated during the hydrolysis process, Thus, the total number of molecules trapped can be identithe second labeled DNA base would not be detectable, befied without actually visualizing the enzyme itself. This cause the enzyme would be washed away under the constant avoids the necessity to label the enzyme itself for identificaflow. Furthermore, when mixed with another DNA substrate tion purpose, which sometimes may affect the enzyme activthat only has the second base labeled, the fluorescent time * injecting picoliter volumes of diluted enzyme solution into a viscous solution containing the substrate. The viscous solution, formed by adding high molecular weight poly-ethylene glycol (average MW 10,000, 60% solution) into the substrate solution, limits the diffusion of the picoliter droplet containing the enzyme solution. (Fig. 5 ) This is necessary to allow a continuous observation of the enzyme kinetics for an extended period of time (-30 minutes) . In this setup, diffusion is still a problem for longer periods of observation, since the product can diffuse away slowly from its original location and cause confusion as to which enzyme molecule it origi- Fig. (5) . Schematic of poly-ethylene glycol (PEG) based single nated from [7, 161. molecule assay. The substrate of the enzyme is mixed with 60% PEG (average MW 10,000). The mixture is relatively viscous, limFrom their experiments, Greulich et al. observed several interesting phenomena. The first and most important is that iting the diffusion of large protein molecule such as the enzyme but the number of enzyme molecules contained in each picoliter not the substrate. The enzyme is injected into the PEG mixture with droplet varies. The distribution is dictated by the Poisson a microinjector. The enzyme solution and the PEG mixture mix distribution for random events. The Poisson distribution can rapidly and the turn over of substrate starts. After a period of incube used to predict the concentration of enzyme necessary to bation, the fluorescence from the turned over substrate is recorded.
achieve single molecule condition when isolated [7, 161. Third, each single molecule displays a similar reaction Second, the reaction rate inside the droplet is proporrate when compared to each other, but no two molecules tional to the number of molecules trapped inside the droplet.
display the exact same reaction rate. This shows that the in-dividual molecule is independent of each other when reacting. It also shows again clearly that the individuality of each molecule can only be observed through isolation, the individuality will only get averaged out in a bulk observation [7, 161. In their further experiments, Greulich et al. also found that for LDH-1 enzyme under single molecule experimental condition that the Michaelis-Menten constants can be determined with reasonable accuracy when compared to bulk values. They also found that there is a day to day difference in the values they obtain from the experiments where such variation is also seen in bulk measurement [7] . The key point is that the single molecule experiment uses ten orders of magnitude less material than a bulk experiment. This is crucial for pharmaceutical drug screening, where a very small batch of new drug can be tested with high efficiency for effectiveness.
STATISTICAL BACKGROUND
For any single molecule observation, the most important question to answer is how do we know the event we observed is a result of a single molecule? Many single molecule observations are performed with the molecule of interest anchored to a surface. This facilitates the search for the molecule to be observed and avoids the issue of diffusion altogether. However, this immobilization also may hinder the conformation change of the molecule of interest and restrict its activity. In other cases, the molecule of interest is labeled with a fluorophore for identification. It has been reported by several research groups that molecules have many different micro conformations that produce a spectrum of activities [8, 11, [17] [18] [19] [20] [21] . The immobilization of the molecule limits the freedom of the molecule and this can lead to the failure of understanding the molecule completely. The labeling of the molecule may have a similar effect in affecting the microfolding environment of the molecule. It is then important for us to find a way to observe single molecule activity without any restriction to its movement so the full spectrum of activity can be obtained for study.
Classical single molecule experimental techniques such as fluorescence correlation spectroscopy and atomic force microscopy are developed to resolve at single molecule level. They can provide excellent temporal resolution to the activity of a single molecule of interest. The drawbacks of these techniques are that they are only able to observe few (less than 10) molecules at any given time and the setup for these techniques also that requires considerable technical skills and a substantial investment in equipment. This limits the usage of single molecule observation for academic and scientific discovery only, but not for large scale application A new approach is to form individual micro reaction vessels that will hold just one protein molecule in solution for observation. The micro vessels have several advantages over immobilization of single molecules. They allow full freedom of movement of the single molecule in solution within the boundary of the vessel. The micro vessel can be easily visualized and be marked for observation. The micro vessel can be mass produced and the size of the vessel can be varied for different application. The micro vessel does not require expensive and bulky equipment, and in turn saves valuable lab space. When using the micro vessel to carry out experiments, the observation can done at single or several molecule level and the use of material can be kept down to a minimum. All these are desirable characteristics for developing an efficient high throughput screening method for the pharmaceutical industry in drug screening [23] .
A drawback is that one must use statistical methods to achieve single molecule levels. The number of molecules trapped within the micro vessel is concentration dependent. In the solution phase, the concentration of the molecule of interest can be readily converted into average distance between the molecules. This inverse relationship between the average distance and the concentration is dictated by the following formula:
where d is the average distance in nanometers and c is the concentration in mol/L. This means that if we have a solution of low concentration (in picomolar range, with an average intermolecular distance on 10 micrometer range), we may achieve temporary single molecule condition for a short period of time. Fluorescence correlation spectroscopy utilizes this relationship to achieve single molecule condition for observation. As time goes on, the diffusion of the molecule in the solution will start to obscure the identity of the individual molecules observed as the molecules diffuse in and out of the observation area [7, 24] .
To avoid the problem of molecular diffusion through the solution, a barrier is needed to encapsulate the molecule. This barrier can be a physical barrier like microwells in a microfluidic channel, or just a barrier formed by two immiscible liquid like oil and water [25, 261 . The barrier will limit the diffusion within the volume it encapsulates and allow a continuous observation of the molecule without losing it. Currently, the efficiency of encapsulating a single molecule is concentration dependent. There are several issues researchers have to consider when performing this kind of process. How efficient is the encapsulation process in capturing just a single molecule? What is the ratio of single molecule capsule versus capsules that contain various amounts of molecules? Is there a way to clearly identify the single molecule capsules from the other capsules?
The efficiency of the encapsulation process is determined by the proportion of the emulsion capsules that contain only single molecule of interest to the overall number of emulsion capsules generated, and this efficiency can be calculated through statistics. The eff~ciency is affected by the volume of the capsule and the molecular concentration. The smaller the volume of the capsule, the higher the molecular concentration can be while still maintaining single molecule conditions.
The Poisson distribution describes a discrete random process. This distribution fits the encapsulation process, since the capsule can only encapsulate a discrete number of certainty that each observed vessel contains a single molemolecules. The Poisson distribution, cule. After defining the statistical certainty, one can calculate a "critical" concentration needed to achieve that statistical e -p . p "
n ! Calculations based on the Poisson distribution on the describes the probability of exactly n molecules being encapsulated when the mean number of molecules is y. Even though the events are discrete, the mean is continuous. In the case of encapsulation, the mean is given by the concentration of the molecule and the volume of the capsule. The mean, p, is the average number of molecule inside the capsule [7, 27] .
We can control the encapsulation efficiency by varying the molecular concentration used during the encapsulation process. For a spherical vessel that is l p m in diameter (-1 femtoliter), the most efficient encapsulation percentage for single molecules is about 37%. (Fig. 6 ) However, at this concentration one cannot be certain to have encapsulated a single molecule. There is also a 37% chance that the vessel will contain no molecule at all, 18% chance that the vessel will contain two molecules and 6% chance that the vessel will contain three or more molecules. Under this condition, 63% of the vessels will show a reaction because they contain one or more molecules of interest. However, of these 63% of the total number of generated vessels, only approximately 60% will contain a single molecule, the other40% contain more than one molecule in the vessel. (6) . The distribution of molecules in a lpm diameter spherical vessel for maximum encapsulation efficiency where the concentration of the molecule is 1.67nM which corresponds to a mean of one molecule/lpm vessel. About 63% of the vessels generated will contain at least one molecule. 37% of the total encapsulated population will contain onlv one molecule. and 26% will contain more than one molecule. The ratio between single molecule vessels and multiple molecule vessels is about 3:2.
This presents a problem in identifying the vessels that contains a single molecule, if the molecules are not labeled. How can we determine if a vessel contains two or more molecules? In a heterogeneous population, some molecules act faster than the average rate; some slower. How does one distinguish whether the reaction observed in the vessel is a result of one fast molecule or two slow molecules?
One way around this problem is to sacrifice the efficiency of the encapsulation process and focus on increasing the ratio of vessels that contain a single molecule to vessels that contain more than one molecule. In our experiments, this ratio is manipulated to achieve a statistically defined encapsulation efficiency reinforce this point. In these calculations, the key factor is the percentage of the number of multiple-molecule vessels produced in comparison to the total number of vessels. We present three different cases, each using a 1 pm diameter spherical vessel as the model, and the key factors are lo%, 1 %, and 0.1 % of the total vessel generated will contain multiple molecules.
From the calculation, we see that the encapsulation efficiency drops dramatically from 40% of overall population to 14% and 4.4% of overall population respectively when the limiting factor changes from 10% to 1% and 0.1% of the total vessel containing multiple molecules respectively. (Fig.  7) However, at the same time, the ratio between single molecule vessels and multiple molecule vessels also increases from 4: 1 to 13: 1 and 46: 1 respectively. (Fig. 8) When compared to the optimal efficiency for single molecule vessel generation, the encapsulation efficiency is around 60% and the ratio between single molecule vessels and multiple molecule vessels is 3:2.
. . Fig. (7) . The encapsulation efficiency under different limiting conditions for Ipm diameter spherical vessel. The limiting conditions are set such that lo%, I%, and 0.1% of the encapsulated vessels will have more than one molecule inside. About 40%, 14%, and 4.4% of the overall vessels generated will encapsulate at least one molecule for 10%. I%, and 0.1% respectively. Fig. (8) . The ratio between single molecule vessels and multiple molecule vessels in a Ipm diameter spherical vessel for different limiting conditions. The ratios are 4:l for lo%, 13:l for I%, and 46: 1 for 0.1%.
The 10% multiple molecule vessel criterion gives approximately the same result as the optimal encapsulation condition. The 0.1% criterion produces too little encapsulated vessel population despite the high ratio between single molecule vessels and multiple molecule vessels. The 10% criterion does not provide a decent ratio for observation purpose, and the 0.1% criterion does not provide enough vessels that trap the molecule of interest to make the process efficient. The 1% criterion however, provides an acceptable ratio of 13:1 between the single molecule vessels and multiple molecule vessels. (Fig. 9) The encapsulation efficiency is 14%, which is an acceptable efficiency for simultaneous multiple vessel observation. With 14% trapping efficiency, approximately 140 vessels are observable out of the total population of 1000 vessels within a 40x objective field of view. (9) . The distribution of molecules in a Ipm diameter spherical vessel for 1% limiting criterion. About 14% of the vessels generated will contain at least one molecule. 13% of the total encapsulated population will contain only one molecule, and 1% will contain more than one molecule. The ratio between single molecule vessels and multiple molecule vessels is about 13: 1.
Based on the calculation result, a "critical" concentration can be determined to achieve the 1% criterion. The "critical" concentration is different for vessels of different diameter. (Fig. 10) This defines a line in the graph. Below this line, less than 1% of the total vessels generated will contain more than one molecule. This provides a range of concentrations and vessel sizes that will be suitable for conducting single molecule experiments.
With a ratio of 13:l single molecule vessel versus multiple molecule vessel, there is less than 10% chance for a vessel to contain more than one molecule. This greatly reduces the number of multiple molecule vessel that will be observed. In a population of 1000 vessels generated, approximately 140 vessels will be observable and only approximately 10 will contain more than one molecule. It will be easier to identify the 10 vessels because of the very unlikely possibility of having several single molecules all reacting two or three times as fast as an average single molecule.
PROTEASES: a-CHYMOTRYPSIN AND 20s PRO-TEASOME
We developed a new assay to study two proteases, achymotrypsin and 2 0 s proteasome, under single molecule conditions. The first protease, a-chymotrypsin, is one of the best characterized proteases. The second, the 2 0 s proteasome, is a complex enzyme composed of multiple subunits. 0.0001 0 1 2 3 4 5 6 7 8 9 1 0 Diameter (um) Fig. (10) . Critical final concentrations needed to achieve 0.1% (dotted line), 1% (solid line), and 10% (dashed line) of the aqueous vessel in the oil that will have more than 2 enzyme molecules per emulsion vessel at various vessel diameters. Concentrations above the curves will have more than 0.1%, I%, or 10% of the vessels to have 2 or more enzyme molecules. An example working concentration of 0.38 nM is drawn as the horizontal line. On average. each Ipm diameter vessel will contain 0.12 molecules for the working concentration of 0.38 nM. This makes the observable enzyme reaction to be an all-or-nothing event.
-
The assay uses a water-in-oil emulsion to isolate individual enzyme molecules from each other. (Fig. 11) The emulsion is created using a blender that produces micron size water vessels in the oil phase. Each vessel is a water droplet immersed in oil. In order to ensure that most of the vessels under observation contain just one enzyme molecule, we model the distribution by the Poisson distribution for random events. Under our experimental conditions, 90% of the l p m diameter vessels generated will only contain substrate (zero enzyme molecules), and 10% will contain one or more enzyme molecules. However, of the vessels that contain enzyme molecules, 90% will have just one enzyme [25] . The emulsion system allowed us to regularly observe more than 50 individual vessels simultaneously, occasionally the number of observable vessels can be as high as 300. (Fig.  12 ) This demonstrates the potential of the emulsion system as a powerful high throughput screen system for many biological and pharmaceutical applications.
For a simple enzyme such as a-chymotrypsin, we found that the enzymatic reaction rate is similar whether measured by the average of many single molecule measurements or in bulk. (Fig. 13) This observation suggests that the bulk data is a manifestation of the average of multiple single molecules ~5 1 .
We found significant differences in the reaction rate between individual chyrnotrypsin molecules. (Fig. 14) We followed each molecule over an extended period of time. These results suggest that each molecule is acting in a stochastic manner [25] . Each molecule does not react at a constant rate but is speeding up or slowing down unpredictably. This can be attributed to the "memory" effect described by Edman et at. and Qian el a[. [28, 29] . 60 Fig. (13) . The kinetics comparison between a bulk population of chymotrypsin (-45.6 billion molecules, solid line, slope is 0.076) and the average of individual vessels containing chymotrypsin pooled together (1023 vessels, -1 124 chymotrypsin molecules, dotted line, slope is 0.058). The trend of increase in the fluorescence intensity is very similar as indicated by the similar overall percentage increase of fluorescence for both population (6.03% for bulk and 6.35% for vessels). The average values from the individual vessels can be fitted against the values obtained from the ensemble average. Fig. (1 1) . Schematic of water-in-oil emulsion based single molecule assay. The enzyme of interest and the substrate is mixed together in the aqueous phase. The aqueous phase is dispersed in the oil phase through a blender. The sizes of the aqueous vessels vary, but most of the vessels formed are Ipm in diameter or less. In the vessels with lpm diameter, about 10% will contain one enzyme molecule and 1% will contain hvo or more enzyme molecules. After a period of incubation, the fluorescence from the turned over substrate can be recorded and analyzed.
We have recently started to test our emulsion system with a more complex enzyme, 2 0 s proteasome. The 2 0 s proteasome is a megacomplex enzyme, composed o f 28 subunits. It is a key component in the ubiquitin degradation pathway. In our initial results, w e found that individual proteasomes, like other enzymes under single molecule condition, possess different reaction rates. (Fig. 15) The wide distribution o f the reaction rate might be attributable t o the complex structure of the 2 0 s proteasome. It has two distinct reaction sites that are independent. The distribution w e observed may be due t o the Fig. (12) . Pictures taken from a typical siuglc molecule experirnrnt. On the lei?. the vessels that contain substrate turned over by the enzyme, under blue fluorescence filter. The vessel count from image analysis software is 160. On the right, the same position, under green fluorescence filter, the aqueous solution phase contains another fluorescent dye that only shows up under green fluorescence filter. The vessel count from image analysis s o h a r e is 1550. The ratio between the vessels that contain enzyme and the total amount of vessel generated is 1:lO. combination of the two active sites. A closer and more temporal resolved observation is needed to test this hypothesis. 
P-GALACTOSIDASE AND HORSERADISH PEROXI-DASE
Noji ef a[. measured the activity of both P-galactosidase and horseradish peroxidase under single molecule conditions. They used an array of microfluidic chambers where each chamber has a volume of about one femtoliter. This device allows them to trap single molecule inside these chambers for observation. To construct these devices, they first etched the desired negative pattern onto a silicon wafer through plasma etching. This pattern was transferred into poly-dimethylsiloxane (PDMS) to produce the mold containing the chambers. Each chamber is isolated from others and each can be considered as an independent reaction vessel. (Fig. 16) This device also addresses the problem of evaporation when working with small volume solution because PDMS is relatively impermeable to water over a typical bioassay time [26]. The histogram on the left is from 10 minutes after start and the histogram on the right is from 60 minutes after start. These vessels are screened by the slope of their reaction rate first and are believed to contain only one enzyme molecule in these vessels. The mean of the distribution changes from 9.48% at 10 minutes to 24.05% at 60 minutes. The standard deviation changes from 4.8% at 10 minutes to 8.3% at 60 minutes.
cules can be identified by measuring the turnover rate of substrate. The turnover rate is proportional to the number of enzyme molecule trapped inside the chamber [26] .
This array of chambers has other advantages. When placed over a reservoir of enzyme and substrate, the chambers can be recycled several times to perform the same reaction. The chambers can also be closed locally with a glass needle pressing the PDMS mold against the glass surface of the reservoir. When the needle is removed, the chambers will revert back to its open position, allowing the exchange of materials between the chambers and the reservoir [26] .
The PDMS chambers provide Noji et al. a platform to perform large number of single molecule enzyme kinetics simultaneously. Their results, on both P-galactosidase and horseradish peroxidase, showed that the turnover rate is not uniform. The peaks in the distribution can be modeled with a normal distribution. Each peak corresponds to a different occupancy of enzymes within the chamber: zero enzyme molecules, one molecule, two or more molecules. Single molecule chambers can be distinguished from other chambers with two or more enzyme molecules from the turnover rate exhibited from each chamber. The turnover mean value from each peak in the distribution is proportional to the number of molecules occupying the chamber. Although a distribution of the turnover rate exists, the mean value for the single molecule occupancy corresponds well to the value reported before by others [26] .
CONCLUSlONS AND FUTURE DIRECTIONS
Single molecule enzymology has many applications in basic and applied research. In basic research, the diversity within the enzyme population provides information on the basic structure and function of the enzyme [6] . The measured diversity of the enzyme's activity can also point out new directions for further research [12, 151. In applied research, single molecule enzymology allows the miniaturization of biochemical assays necessary for product development. Single molecule observations require a small volume and this is a desirable trait for the development of biotechnology applications because it allows fast detection and high parallelism [6, 26] .
The connection between measurements of bulk ensemble average and measurements gathered from single molecules is still cloudy. This situation is parallel to that faced by thermodynamics and statistical mechanics. Thermodynamics describes the bulk behavior of a system, whereas statistical mechanics describes the statistical behavior of individual molecules in the system based upon mechanical interactions. In studies of enzymes, the bulk measurements provide thermodynamics-like information, while the single molecule measurements provide statistical mechanics-like information. The bridge connecting thermodynamics to statistical mechanics is the partition function, which can be used to find the average (bulk) value for any microscopic quantity [30] . It is possible that a relationship between single molecule kinetics and bulk ensemble average kinetics can be developed through similar statistical study of the single molecule events. To accomplish this, the efficient methods from Noji et al. and Brody et al. [25, 261 to generate large quantities of single molecule data are a step towards the right direction.
